Water-soluble DNA-wrapped single-wall and double-wall carbon nanotubes (DNA-SWNTs, DNA-DWNTs) have been well separated by length incorporating size-exclusion high-performance liquid chromatography (HPLC). The morphology and electronic properties of the size-(length-) separated DNA-SWNTs and -DWNTs are investigated by atomic force microscopy (AFM), photoluminescence (PL), and Raman spectroscopy. By using length-separated DNA-SWNTs and -DWNTs, we have found that PL intensity of the DNA-SWNTs varies sensitively depending not only on the chirality (or diameter) but more importantly on the length of the hybrids.
Introduction
Carbon nanotubes (CNTs) have attracted much attention for their unique mechanical and electronic properties, which have led to some novel applications [1] [2] [3] . Above all, double-wall carbon nanotubes (DWNTs) [4, 5] have attracted much attention because of their unique physical and chemical properties compared to those of singlewall carbon nanotubes (SWNTs) and multiwall carbon nanotubes (MWNTs). Since DWNTs have been applied as channels of nanodevices [6] , separation and purification of DWNTs are required for obtaining the DWNTs of much better quality. CNTs are, however, generally obtained as a mixture of various structures of CNTs. Furthermore, CNTs generally form bundles as mixtures, so that it has been difficult to obtain individual CNTs. Therefore, complete dispersion [7] [8] [9] and separation of individual CNTs are of considerable importance to investigate the inherent structural and electronic properties of CNTs.
During the past several years, surfactants and polymers have been used to prepare water-soluble and individually dispersed SWNTs. The findings by O'Connell et al., who have observed structured near-infrared photoluminescence (PL) from suitably isolated semiconducting SWNTs [7] , allow us to apply SWNTs to wide range of optical characterization [10] as well as chemical and biological applications [11] . Moreover, progress has been made in the separation of SWNTs by band gap [11] [12] [13] [14] , diameter [15, 16] , and length [17] [18] [19] .
Zheng and coworkers are the first to demonstrate that SWNTs can well be separated and become water-soluble SWNTs by using DNA. DNA-wrapped single-wall carbon nanotubes (DNA-SWNTs) are known to have a high solubility and stability in water due to the π-πinteraction between aromatic bases of DNA and SWNTs [9, 14, 20] . This π-π interaction has been found to be crucial for individually dispersing and separating SWNTs by using highperformance liquid chromatography (HPLC) [14, 18] . Based on this progress, various fundamental and applied studies have been carried out on DNA-SWNT hybrid materials.
Recently, we have reported the synthesis and spectroscopic characterization of isolated DNA-SWNTs by using natural DNA from salmon sperm in aqueous solution [9] . Here, we report the synthesis and separation of DNASWNTs and DNA-DWNTs by length incorporating size exclusion chromatography (SEC) with newly developed special columns. The CNTs separated are characterized and investigated by atomic force microscopy (AFM), PL, and Raman spectroscopy to obtain length-dependent optical properties of DNA-CNTs.
Experimental
In our previous study, we reported the synthesis of watersoluble DNA-SWNTs by using DNA from salmon. In the present study, we used three different kinds of CNTs which are purified HiPco SWNTs [21] , CoMoCAT SWNTs (CoMo catalyst) [22] , and DWNTs (TORAY Inc.). The purity of DWNTs (against residual SWNTs and MWNTs) is more than ca. 90%, and the average diameters of the outer and inner tubes of the DWNTs are 1.4 and 0.7 nm, respectively, based on high-resolution TEM (HRTEM) observations. Length separation by HPLC was carried out by using sizeexclusion columns: COSMOSIL CNT (7.5 mm × 300 mm, nacalai tesque Inc., a newly developed column through the Nagoya University group-nacalai collaboration) and Sepax CNT (7.5 mm × 250 mm, Sepax Technologies, Inc.). Similar to our previous study [19, 23] , we used three types of columns (pore size: 300, 1000, and 2000Å) to separate both shorter and longer tubes at one time. Samples were filtrated through a 0.25 μm filter and injected in 1.0 mL at pH 7 buffer containing 40 mM Tris, 0.5 mM EDTA, and 0.2 M NaCl. Each fraction was collected at every 1 minute intervals and characterized by AFM to obtain the length distribution of CNTs separated.
Atomic force microscopy (AFM) was used for observing structures of the DNA-CNTs and for determining the lengths and morphology of the SWNTs and DWNTs. The samples were deposited onto a silanized mica (AP-mica), rinsed with MilliQ water, and dried with nitrogen gas. AP-mica was prepared as follows: freshly cleaved mica, 10 μL of 3-aminopropyltriethoxy silane (APTES), and 5 μL of N, Ndiisopropylethylamine were kept in a desiccator filled with Ar gas. APTES was removed from the desiccator after 1 hour reaction, whereas the mica was maintained in the desiccator for 24 hours. After rinsing the surface of the so-prepared APmica by MilliQ water, it was dried with N 2 gas. Topographic imaging of DNA-CNTs was obtained by operating the AFM in a tapping mode with a Dimension 3100, Nanoscope IV (Veeco, Digital Instruments).
The PL measurements were performed on a Shimadzu NIR-PL system (Shimadzu CNT-RF), and UV-vis-NIR absorption spectra were measured on a JASCO V-570 spectrophotometer.
The dried samples for Raman measurements were prepared by dropping the DNA-SWNTs solution onto a SiO 2 substrate and then dried using an electric heater. Raman spectra were measured by using a Horiba Jobin Yvon HR-800 spectrometer.
For optical measurements, the samples were freeze dried to replace water with D 2 O. As a comparison, SWNTs were also dispersed with 1% sodium dodecyl sulphate (SDS) in D 2 O and sonicated for 30, 60, and 120 minutes. The suspensions were centrifuged to obtain isolated SDS-dispersedSWNTs (SDS-SWNTs). The pH of the resultant supernatants was kept at pH 8.0 by adding a suitable amount of NaOH aq (in D 2 O). The separation by length was confirmed by AFM observations on the separated fractions as shown in Figure 2 . It is known that AP-mica surfaces have relatively strong interactions with DNA and that the DNA-CNTs are easily observable on the surface by AFM. With the present HPLC column, the length of both DNA-SWNTs and DNA-DWNTs decreases as the elution (retention) time increases. Although images of only four HPLC fractions from f18 to f24 are shown here, we have also obtained much shorter SWNTs/DWNTs by the present separation. The results of the HPLC separation by length as revealed by the AFM measurements are summarized in Table 1 . CoMoCAT-SWNTs have smaller diameter distribution than that of the DWNTs used in the present study. However, no significant difference in retention times between SWNTs and DWNTs can be observed at each fraction, indicating that the SEC columns employed here can separate and recognize SWNTs/DWNTs by length, but not by diameter or chirality.
Results and Discussion

Comparison of DWNTs with
Based on a statistical analysis of the AFM results on SWNTs/DWNTs, we have obtained the following empirical 
where L is the length (nm) of SWNTs/DWNTs and t is retention time (minute). We have found that this equation can be applied to both SWNTs and DWNTs having wide length distributions. Figure 3 is typical PL contour plots of (a) DNA-SWNTs and (b) DNA-DWNTs. Both PL maps show the presence of SWNTs/DWNTs having almost the same chiralities in narrow range. According to our previous PL study on DWNTs in reference to that of SWNTs [4] , the majority of PL intensity of DWNTs stems from the inner carbon nanotubes rather than from the outer nanotubes. Similar to this study, we have found that there is no significant difference in the PL peak positions between SWNTs and DWNTs. In fact, we have not observed any shifts of PL peak positions irrespective of the CNTs length (30-400 nm).
Photoluminescence Measurements on DNA-SWNTs and DNA-DWNTs.
Sun et al. [19] reported, however, in their lengthdependent PL study on SWNTs that the blue shifts of the PL peaks are observed as the length (60-7 nm) of SWNTs decreases, which has been interpreted within the framework of the so-called finite length effects. They reported smaller peak shifts for the SWNTs of smaller diameter present in CoMoCAT samples.
At present, we think that the discrepancy is most probably due to the difference of the dispersion environment employed (i.e., DNA and surfactant) as well as the small length range investigated. Furthermore, since DNASWNTs/DWNTs show large red-shifts in PL peak positions with respect to the pristine SWNTs/DWNTs, the blue-shifts observed by Sun et al. in a different dispersion environment might be weakened in the present study. Further systematic studies are needed to clarify the length dependence of SWNTs and DWNTs on PL intensity and the peak positions.
The observed length dependence on the PL intensity for the SWNTs and DWNTs with several chiralities of (6, 5), (7, 5) , and (8, 3) is presented in Figure 4 . The observed general tendency is that the PL intensity decreases fairly rapidly as the length of SWNTs/DWNTs decreases. An almost linear relationship between the PL intensity and the nanotube length is clear, and this relationship is similarly observed both for SWNTs and DWNTs. A similar reduction of PL intensities for shortened SWNTs has been reported previously [23] [24] [25] . Figure 5 is a typical HPLC chromatogram of DNA-SWNTs (HiPco) by using Sepax CNT SEC columns. The detection UV wavelengths are 260 and 350 nm. The overall HPLC pattern is almost the same as our previous report [9] . The elution of free DNA has a maximum at 46 minutes and that of DNA-SWNTs continues from 26 to 50 minutes. Figure 6 shows histograms of the length distribution for fractions of f28, f32 and f36 (colored blue, green and red, respectively) based on the AFM measurements. The inserts show AFM images of HPLC fractions f28, f32 and f36. The width of the length distributions decreases progressively as the retention time increases. The average lengths of the hybrid materials contained in f28, f32 and f36 are found to be 353 ± 104, 170 ± 26 and 77 ± 21 nm, respectively, indicating that the present HPLC procedure is effective for separation of DNA-SWNTs by length. Figure 7 shows the Raman spectra in radial breathing modes (RBMs) of DNA-SWNTs obtained from fractions of f28, f32, and f36 at 633, 514, and 488 nm, respectively. The observed overall peak positions of the RBM are almost the same with each other, which suggests that these DNA-SWNTs have a similar diameter distribution. increases (for shorter SWNTs). Also, the chirality distributions of DNA-SWNTs contained in each fraction differ from each other. For example, as seen from Figure 8 , PL intensities of the SWNTs having chiralities of (9, 4), (7, 6) , and (8, 6) decrease rapidly as the length of the SWNTs decreases. A similar tendency for a sensitive change of the PL intensity on the SWNT length was reported by Arnold et al. [17] . According to the results of RBM measurements as shown in Figure 7 , the diameter distributions of DNASWNTs contained in each fraction are similar with each other. However, the PL intensity distribution observed in the three fractions is differing with each other. These results strongly suggest that PL efficiency of the DNA-SWNTs varies sensitively depending not only on the chirality (or diameter) but similarly on the length of the hybrids.
Diameter Dependence on the Length Separated SWNTs
Length Separation of DNA-SWNTs by High-Performance Liquid Chromatography.
Raman and Photoluminescence Measurements on DNASWNTs.
SDS Dispersion of SWNTs.
As described in the previous report, we have found that the length of the SWNTs depends on the duration of the sonication time. To further investigate the effect of SWNTs length on the PL intensity, SWNTs were dispersed with SDS at different sonication time. Since PL spectral features can be affected by the duration of sonication time of the SDS-SWNTs solution, pH of the solution was kept constant at pH 8.0 by adding a proper amount of NaOH aq (in D 2 O) during the PL measurements [26, 27] . Figure 9 shows histograms on the length of SDS-SWNTs at three different sonication times. To obtain information on the length distributions, the number of SDS-SWNTs having the length longer than 150 nm was directly counted by AFM measurements. The length distribution of the hybrids decreases gradually as the sonication time increases similar to the DNA-SWNTs case described above. Figure 10 (a) shows UV-vis-NIR absorption spectra of SDS-SWNTs prepared by using three different sonication times, in which the overall spectral features are almost the same in the three spectra. Figures 10(b) and 10(c) show the PL spectra of SDS-SWNTs prepared by three different sonication times at 720 and 650 nm, respectively. PL spectra shown in Figures 10(b) and 10(c) are normalized at chiralities of (10, 2) and (7, 5) , respectively. The relative PL intensities of thicker nanotubes show a gradual increase at longer sonication times (i.e., the average length of SDSSWNTs decreases). Namely, SDS-SWNTs show a similar dependence of PL intensities on the length of the SWNTs to that of the DNA-SWNTs case, indicating that such unique dependence might generally be observed regardless of the wrapping materials of SWNTs used for dispersion.
Conclusions
DNA-SWNTs and DNA-DWNTs have been separated well by length incorporating HPLC with newly developed sizeexclusion columns. The results of Raman, PL, and UVvis-NIR absorption measurements jointly suggest that PL intensity of the DNA-CNTs varies sensitively depending not only on the chirality (or diameter) but more importantly on the length of the CNTs. The present HPLC separation of DNA-SWNTs and -DWNTs has been proven to be a powerful method to obtain length-selected and water-soluble CNTs of high purity.
